The carboxylesterase 1 gene (CES1) encodes a hydrolase that metabolizes commonly used drugs. The CES1-related pseudogene, carboxylesterase 1 pseudogene 1 (CES1P1), has been implicated in gene exchange with CES1 and in the formation of hybrid genes including the carboxylesterase 1A2 gene (CES1A2). Hence, the CES1 region is complex. Using in silico PCR and alignment, we assessed the specificity of PCR-assisted procedures for genotyping CES1, CES1A2 and CES1P1 in studies identified in PubMed. We identified 33 such studies and excluded those that were not the first to use a procedure or lacked sequence information. After this 17 studies remained. Ten of these used haplotype-specific amplification, restriction enzyme treatment or amplicon sequencing, and included five that were predicted to lack specificity. All procedures for genotyping of single nucleotide polymorphisms in eight studies lacked specificity. One of these studies also used amplicon sequencing, thus being present in the group above. Some primers and their intended targets were mismatched. We provide experimental evidence that one of the procedures lacked specificity. Additionally, a complex pattern of segmental duplications in the CES1 region was revealed. In conclusion, many procedures for CES1, CES1A2 and CES1P1 genotyping appear to lack specificity. Knowledge about the segmental duplications may improve the typing of these genes.
Introduction
Carboxylesterase 1 (CES1) is a hydrolase implicated in the metabolism of several commonly used drugs [1] . This enzyme may also have a role in endogenous functions, including lipid metabolism [2] . The gene encoding CES1 is located on chromosome 16 with the carboxylesterase 1 pseudogene 1 (CES1P1), also designated carboxylesterase 1A3 gene (CES1A3), and carboxylesterase 1 pseudogene 2 (CES1P2) in its vicinity [3] .
CES1 is subjected to structural variation, which is manifested in the presence of a hybrid in some individuals [4] . This hybrid, designated the carboxylesterase 1A2 gene (CES1A2) or CES1P1VAR, appears to have been generated by a double crossover event and has the promoter, exon 1 and a portion of intron 1 from CES1P1, while its remainder derives from CES1 [4] . Some individuals harbor CES1 as well as CES1A2 with the CES1-derived segment in CES1A2 representing a duplication. In order to distinguish CES1 from CES1A2, it has been designated CES1A1.
A previous study reported deletion of CES1 to be rare [4] , but the Database of Genomic Variants [5] lists a large number of deletion and duplication variants in the region harboring CES1 and CES1P1. These variants have not been further characterized, and since they have been identified using different platforms, including single nucleotide polymorphism (SNP) arrays with different densities, they may be identical. Nonetheless, it is possible that yetunknown structural variants exist in the region harboring CES1 and CES1P1. If so, this further adds to the complexity of this region.
Besides the duplication of a CES1 segment, which has led to the formation of CES1A2, other types of exchange of nucleotide segments between CES1 and CES1P1 appear to have taken place. The CES1 variants CES1A1b and CES1A1c are examples of this [6] [7] [8] . CES1A1c is also known as CES1VAR, whereas CES1A1b is identical or closely related to the variant that recently was named CES1SVAR [6] .
CES1A1c and CES1A1b are characterized by having exon 1, with or without the regions flanking this exon, replaced by the homologous segment of CES1P1 [7] . CES1A1c is a common variant, as it has been determined at a frequency of about 0.18 in a group of subjects with different ethnic backgrounds, while CES1A1b was found at a frequency below 0.01 in the same group of subjects [6] . Besides these variants, there is a CES1A2 haplotype that has acquired a promoter segment with two overlapping Sp1 recognition sites from CES1 and therefore has significantly higher transcriptional activity than other CES1A2 haplotypes [9] .
The gene duplication permits classification of CES1 into two major structural haplotypes, both having a single copy of CES1 and one copy of either CES1P1 or CES1A2 [4] . Based on the presence or absence of the subtype CES1A1c, these two haplotypes can be sub-classified into a total of four haplotypes, designated A, B, C and D (Figure 1 ). This complex structure presents challenges in the analysis of the genes in the region.
Both CES1A1 and CES1A2 have been redesignated as CES1 in the recommended nomenclature for mammalian carboxylesterase gene families [10] . However, since CES1A2 is a hybrid of CES1 and CES1P1, we prefer to maintain its designation as CES1A2. We consider the designations CES1 and CES1A1 as being synonymous but prefer the former, which is the name approved by the HUGO Gene Nomenclature Committee [11] .
Segmental duplications are chromosomal elements with sizes ranging from 1 to 400 kb that typically share a degree of sequence identity of more than 90% and are present at several locations in the genome [12] . These elements may be important to consider in the design of genotyping assays since they may affect assay specificity. So far, no attention has been focused upon segmental duplications in the design of assays for genotyping CES1, CES1P1 or their hybrid, CES1A2.
Inaccurate assays appear to have been responsible for the incorrect assignment of SNPs in CES1 and CES1P1. This includes p.Asp260fs, which initially was assigned to CES1 [13] but reassigned to CES1A2 after being examined by a more specific analysis [14] . Similarly, −816A>C (rs3785161) was previously believed to reside in CES1A2, but later reassigned to CES1P1 [15] . Moreover, different studies have reported different CES1 variants and allele frequencies [16, 17] , perhaps reflecting the lack of assay specificity, although different ethnic background cannot be excluded as a contributor to these differences. Taken together, it seems that the complex structure in the region harboring CES1 has not been taken into consideration sufficiently in the design of assays for the examination of this gene.
The aims of this study were to provide an overview of published procedures for genotyping CES1, CES1A2 and CES1P1, assess their specificity and hint to an improved design of such genotyping procedures. There are four haplotypes of CES1 called A−D. They differ by the presence or absence of CES1A2, CES1P1 and the CES1 variant known as CES1A1c. Haplotype A is the wild-type haplotype. Haplotypes B and D both harbor CES1A2; the haplotypes C and D are defined by the presence of CES1A1c. CES1A2 is a hybrid of CES1A1 and CES1P1. CES1A1c is a variant of CES1 in which a segment containing exon 1 and its flanking regions has been replaced by the corresponding segment of CES1P1. In CES1A1b, another subtype of CES1, the CES1P1-derived segment is shorter. Since this subtype is rare, it is not depicted in the figure. Vertical bars denote exons. CES1-related sequences are colored in saffron yellow, and CES1P1-related sequences are reddish.
Methods
We performed literature searches in PubMed using the terms "CES1 AND polymorphism", "CES1 AND PCR", "Carboxylesterase 1 AND polymorphism" and "CES1P1" to identify publications reporting genotyping and detection of variants of CES1, CES1A2 and CES1P1. All relevant studies that had been published before December 31, 2016, were identified. When available, we extracted primer and probe sequences from these studies.
Primer sequences were subjected to in silico polymerase chain reaction (PCR) analysis using Primer-BLAST, which permits specificity assessment of primer pairs with reference genomes as templates [18] . Additionally, a sequence can be entered into the program as template in the absence of this sequence in the human reference genome assembly or other reference assemblies. We used the standard setting of Primer-BLAST, which ignores targets with six or more mismatches between the primer and a target.
Three different input templates for the in silico PCR analysis were used. The first of these was constructed by combining the CES1A2 sequence AB210090.1 (promoter region, exon 1 and the flanking intronic region) with AB119998.1 (all exons and introns but only a short portion of the 5′ end) to provide the latter with more sequence information in its 5′ end. A second input template was made by supplementing the above input template with the 5′ flanking sequence of the CES1P1 reference sequence from the Homo sapiens chromosome 16, GRCh38.p2 Primary Assembly (NC_000016.10). This was necessary since there is yet no sequence information available for the CES1A2-carrying haplotype more upstream than what is provided by AB210090.1. The third input template was produced by combining the CES1A1c sequence AB210089.1 (promoter region, exon 1 and flanking intronic region) with the reference sequence of CES1 (NCBI Reference Sequence: NG_012057.1) from the Homo sapiens chromosome 16, GRCh38.p2 Primary Assembly to obtain a full-length sequence of CES1A1c.
Primer and probe sequences in the selected publications were aligned with the reference sequences of CES1 and CES1P1 from the Homo sapiens chromosome 16, GRCh38.p7 Primary Assembly. Also included in the alignments were AB119998.1 and AB210090.1, which served as reference sequences for CES1A2. Moreover, AB210089.1 was used as reference sequence for CES1A1c in the alignments. All alignments were done using Clustal Omega [19] . Since CES1A1b is extremely rare, this variant was not included in the in silico analysis or the alignments.
Based on in silico PCR and the alignments, we predicted product outcomes for the primers and compared them with the intended targets in the selected studies. We reported all predicted product outcomes in the chromosomal region harboring CES1, CES1P1 and CES1P2 followed by identification of product outcomes with complete match to the primer pairs under examination. We assumed that only primer pairs with a complete match to a template were capable of amplifying, thus disregarding incomplete matches between a primer pair and a template.
Samples of DNA from 869 Danish subjects were genotyped for CES1 rs71647871 (p.Gly143Glu) in 96-well microplates by a previously described 5′ exonuclease-based assay [20] , a TaqMan ® assay relying on primer and probe sequences from another study [13] . These sequences are partially or completely identical with the homologous sequences in CES1A2 and CES1P1, thus not being specific for CES1. Therefore, samples found to harbor the minor allele of rs71647871 were subjected to amplification of a fragment that contained this polymorphism using a long-range PCR specific for CES1 followed by Sanger sequencing [21] .
Using the UCSC browser, we searched for segmental duplications on chromosome 16 in the region spanning from 55,719,925 to 55,838,186 and containing CES1P2, CES1P1 and CES1 with the genomic coordinates referring to the human genome assembly GRCh38/hg38 [22] . The locations and sizes of the identified segmental duplications were downloaded.
Results
PubMed searches using the terms "CES1 AND polymorphism", "Carboxylesterase 1 AND polymorphism", "CES1 AND PCR" and "CES1P1" identified 36, 27, 25 and 13 publications in English, respectively. There was an overlap of hits between the search terms since different search terms could identify the same publication. However, removal of duplications ensured that each publication appeared only once. After a review of the identified publications, we excluded those that did not report the use of a procedure for genotyping of CES1, CES1P1 or the hybrid CES1A2. Also a genome-wide study reporting the association of CES1 with the pharmacokinetics of dabigatran was excluded [23] . Using this approach, 33 different studies were identified.
The identified studies were arranged by genotyping procedure (Table 1) . Subsequently, we briefly described the principles underlying these procedures ( Table 2) . Seven of the procedures for genotyping of CES1, CES1A2 or CES1P1 applied allele-specific amplification and 11 used the 5′ exonuclease-based assay (TaqMan ® assay). Fourteen of the studies for genotyping SNPs in CES1, CES1A2 and CES1P1 were based on sequencing the amplified products.
PCR combined with restriction fragment length polymorphism analysis (PCR-RFLP) was used by seven studies, while four used other procedures. Several of the studies applied more than one procedure and were therefore classified into more than one group.
The procedures based on amplification followed by sequencing were designed with different purposes including genotyping of specific SNPs, identification of CES1A2 and the variant CES1A1c or the detection of novel SNPs. For these purposes, both short PCR fragments and fragments obtained by long-range PCR were used. Fragments obtained by long-range PCR were often subjected to a secondary PCR to amplify exons, thus increasing the amount of particular interesting regions and facilitating their sequencing.
The PCR-RFLPs were used to identify and distinguish the four CES1 haplotypes A-D or to genotype CES1 p.Gly143Glu, exploiting that the Glu allele has an AluI restriction site, which is absent in the Gly allele [40] . In order to identify the CES1 haplotypes A−D by PCR-RFLP, the ratios of the intensities of the restriction enzyme-treated amplified fragments were determined after electrophoretic separation. Allele-specific amplification was used for genotyping CES1A2/CES1P1 −816 A>C and for distinguishing between the four CES1 haplotypes. The 5′ exonucleasebased approach was used both for genotyping the SNPs and determining the total number of copies of CES1 and CES1A2.
We now excluded those studies that were not the first to use a method in the genotyping of CES1, CES1P1 and CES1A2, which left us with 23 different studies ( Table 3,  Supplementary Table 1) . Sequence information permitted specificity assessment of assays from 17 of the studies. This included 10 studies that used PCR-RFLP for the identification of the CES1 haplotypes A−D or amplification followed by sequencing of amplicons disregarding sequencing aimed at the genotyping of specific SNPs (Table 4 , Supplementary Table 1 ).
Five of the above ten studies each reported the use of one or more amplification primer pairs, which we predicted to cause unintentional amplification, i.e. off-target product outcomes. In two of the five studies, namely the studies by Marsh et al. [16] and Yamada et al. [17] , the majority of the primer pairs were predicted to amplify CES1 as well as CES1A2. Coamplification of CES1P1 was predicted to occur in the procedures used by Marsh et al. [16] , Tanimoto et al. [7] and Yoshimura et al. [9] for the amplification of CES1 or CES1A2. The study by Zhu et al. [14] reported the development of two long-range PCRs for amplification of fragments of about 14 kb but the first of these, designed for amplification of CES1A1, was predicted to lack the ability to amplify the variant CES1A1c. Some of the studies used more than one procedure and were therefore classified into more than one group.
On the other hand, the predicted product outcome of the other long-range PCR, which was intended to amplify CES1A2 and CES1P1 without distinguishing between them, included CES1A1c. Accordingly, CES1A1c would be misinterpreted as being CES1A2 or CES1P1 by the procedure designed by Zhu et al. [14] . The genotyping of SNPs in CES1 and CES1P1/CES1A2 using 5′ exonuclease-based assays, amplification followed by sequencing, allele-specific amplification and PCR-RFLP in eight different studies [6, 13, 24, 25, 28, 35, 38, 40] all predicted the production of nonspecific amplicons (Table 5, Supplementary Table 1 ). The predicted amplicons produced by the 5′ exonuclease-based assay used by Zhu et al. for the genotyping of CES1 p.Gly143Glu included CES1A2 in addition to the desired CES1 amplicon [13] . The amplicons in the PCR-RFLP designed to identify CES1 143Glu in the study by Nemoda et al. [40] were predicted to contain CES1A2 and CES1P1 fragments, which do not harbor the AluI restriction site, in addition to the intended fragment of CES1 with the polymorphic AluI site. There were mismatches between one or more of the primers and their intended targets in the studies by Marsh et al. [16] , Fukami et al. [4] , Yoshimura et al. [9] and Soria et al. [24] .
Several studies used sequence information from CES1P1 to design primers in the 5′ flanking region of CES1A2 since only a small portion of this CES1A2 region has been sequenced [9, [15] [16] [17] . Hence, we also used CES1P1 sequence information in the specificity assessment of these primers. Notably, the CES1A2 sequence GenBank: AB210090.1 only contained 927 nucleotides before the start of the first coding exon. Lack of sequence information in the 3′ end of CES1A2 prevented us from assessing whether CES1A2 was coamplified by PCRs designed to amplify CES1 in the studies of Marsh et al. [16] and Cha et al. [37] (Supplementary Table 1) .
Analysis of the data from the 96-well microplates used in the 5′ exonuclease-based genotyping of rs71647871 (p.Gly143Glu) revealed two genotype clusters. This included a cluster with high intensity for the probe detecting the wildtype allele and low intensity for the variant allele-detecting probe, thus being consistent with a wild-type genotype, and a cluster of samples with high intensity for both the probes. We found that 839 and 30 of the examined samples fell into the former and latter cluster, respectively. Sanger sequencing identified 28 of the samples from the latter of the two clusters as heterozygotes, while two were identified as homozygotes for the variant allele. Results from one of the 96-well microplate are shown in Figure 2 .
We identified seven pairs of segmental duplications with sizes ranging from 1297 to 43,576 bp (Figure 3 , Supplementary Table 2 ). Both sequences of four of these pairs were located in the region of interest, which spanned from The amplification by PCR in the presence of two allele-specific probes marked with different fluorescent dyes in their 5′ ends and a quencher in their 3′ ends. During the amplification, the probes hybridize to the amplicons in an allele-specific manner. This leads to hydrolysis of the bond between the fluorescent dye and the oligonucleotide probe, a process mediated by the nuclease activity of the Taq DNA polymerase, and the formation of a signal since the fluorescent dye becomes separated from the quencher Hue-Roye and Vege [42] PCR followed by sequencing
The amplification and sequencing of a fragment containing one or more polymorphic nucleotides Hue-Roye and Vege [42] PCR combined with restriction fragment length polymorphism analysis (PCR-RFLP)
A procedure for genotyping polymorphisms that are associated with the creation or abolishment of a restriction enzyme recognition site. It consists of the amplification of a fragment containing the polymorphism followed by treatment of the amplicon with the appropriate restriction enzyme and analysis of the restriction fragments by electrophoresis Hue-Roye and Vege [42] Chuang et al. [43] Copy number determination by realtime PCR Real-time PCR for determination of gene copy numbers is a TaqMan ® -based procedure using a fluorescent-marked hydrolysis probe targeting the gene under examination. This is combined with a hydrolysis probe marked with another fluorescent dye, which targets a reference gene, i.e. a gene not subjected to copy number variation Hue-Roye and Vege [42] Sequenom genotyping platform
The amplification of a fragment containing the polymorphic nucleotide of interest followed by annealing of a primer to the amplicon in such manner that it binds with its last nucleotide immediately 5′ to the polymorphic nucleotide. Single base extension of the primer using a massmodified dideoxynucleotide followed by mass spectrometry of the extended primer enables allele identification Jurinke et al. [44] Nucleotide at −816 in CES1A2 may not be polymorphic [15] .
Table 3 (continued)
CES1P2 to CES1 on chromosome 16 and included both these. One of the segmentally duplicated sequences in each of the three remaining pairs was located on chromosome 22. A palindrome was also identified that spanned from position 55,776,426 to 55,820,004 on chromosome 16, i.e. an inverted-reverse sequence with the same read from 5′ to 3′ on one strand and 3′ to 5′ on the other.
Discussion
We systematically reviewed and evaluated procedures for genotyping CES1 (CES1A1), CES1A2 and CES1P1 and made two major observations. First, a large fraction of the procedures under evaluation was predicted to lack in specificity. Second, segmental duplications in the region harboring CES1, CES1A2 and CES1P1 may be important to take into consideration in the design of assays for the examination of these genes.
The lack in specificity most commonly reflected that the presence of CES1A2 and the high degree of sequence homology between CES1 and CES1P1 had not been taken sufficiently into account. The Homo sapiens CES1A2 sequence with all exons was deposited in GenBank ® and given the accession number AB119998.1 in 2003. Hence, information about the existence of CES1A2 was available to most, if not all, of the studies that we reviewed, although it was not described in scientific publications until 2007 [1] and 2008 [4] . The absence of a complete match between primers and their intended targets in some of the procedures may affect the amplification efficiency and specificity.
The segmental duplications in the region harboring CES1 are of importance to the design of primers for amplification of fragments from this region since a primer pair located within a segment of this type of duplication may coamplify the corresponding fragment in the other segment of the duplicated pair. This will lead to production of mixed amplicons consisting of intentional as well as unintentional amplicons. An approach to address this in the genotyping of CES1, CES1A2 and CES1P1 is to design primer pairs that amplify across the border of two different segmental duplications. We also suggest avoiding the palindrome in the region harboring CES1 in the design of primers, since a primer targeting such an element may act as both a forward and reverse primer.
The coamplification of undesired fragments has the potential to compromise the specificity in a genotyping assay. Specifically, the coamplification of two highly related but different fragments may lead to the appearance Table 4 : In silico assessment of procedures based on sequencing of PCR products and analyses aimed at determining CES1 haplotypes A−D.
Study Procedure

In silico assessment
Marsh et al. [16] PCR followed by sequencing Not specific Tanimoto et al. [7] Haplotype-specific PCR a Yoshimura et al. [9] PCR followed by sequencing Yamada et al. [17] PCR followed by sequencing Zhu et al. [14] PCR followed by sequencing Fukami et al. [4] PCR combined with restriction fragment length polymorphism analysis and haplotype-specific PCR a Specific Sai et al. [15] PCR followed by sequencing Cha et al. [37] PCR followed by sequencing Wang et al. [8] PCR combined with restriction fragment length polymorphism analysis and PCR for identification of CES1 or CES1P1/CES1A2
Sanford et al. [6] PCR followed by sequencing a PCR for identification CES1Ac, CES1P1 and CES1A2. 
Geshi et al. [28] 5′ Exonuclease-based assay (TaqMan ® assay) CES1A2 −816 A>C Not specific Zhu et al. [13] 5′ Exonuclease-based assay (TaqMan ® assay) CES1, rs71647871 (p.Gly143Glu) Nemoda et al. [40] PCR restriction fragment length polymorphism analysis CES1, rs71647871 (p.Gly143Glu) Soria et al. [24] Allele-specific PCR CES1, rs71647871 (p.Gly143Glu) Ding et al. [25] Allele-specific PCR CES1P1 (CES1A2), −816 A>C (rs3785161) Sanford et al. [6] Fluorescently labeled PCR restriction fragment length polymorphism analysis CES1, rs2244613
Shi et al. [38] PCR followed by sequencing CES1, rs2244613 and rs8192935 Zhu et al. [35] PCR followed by sequencing CES1P1 (CES1A2), −816 A>C (rs3785161) The allelic discrimination plot of samples genotyped for rs71647871, a G > A substitution, showed the presence of two genotype clusters depicted in red and green color, respectively, besides non-template controls in black. The cluster in red consisted of 89 samples with high fluorescence intensity for the probe designed to detect the wild-type allele and low fluorescence intensity for the variant allele-detecting probe, suggesting that these samples were GG homozygotes. The cluster in green consisted of five samples with high fluorescence intensity for both the probes consistent with a GA genotype. Sanger sequencing confirmed the heterozygosity of four of these samples but identified the fifth as an AA homozygote, that is, a homozygote for the variant allele, besides confirming that the red cluster consisted of GG homozygotes.
of false heterozygotes reflecting the formation of off-target amplicons that interfere with the genotyping of the desired fragment and result in incorrect genotype determination. False heterozygosity due to the unintentional coamplification of a pseudogene has been recognized in the analysis of other genes [45, 46] including CYP2D6 [46] and could be a problem to several of the procedures that we evaluated.
To resolve the complex structure in the region harboring CES1, selective amplification of fragments of this gene and CES1A2 followed by post-PCR analysis is required. Since this is a time-consuming procedure with low sample throughput, other procedures have been used for genotyping p.Gly143Glu and rs3815583 (−75 T>G) in CES1 and CES1A2/CES1P1 −816 A>C, including the 5′ exonucleasebased procedure [13, 28, 30, 31] , allele-specific amplification [24, 25] and PCR-RFLP [40] .
Our in silico assessment of the 5′ exonuclease-based procedure for genotyping p.Gly143Glu in CES1 designed by Zhu et al. [13] suggested that fragments of CES1A2 and CES1P1 are coamplified. These coamplified fragments are not targeted by the hydrolysis probe for the detection of CES1 143Glu since they do not contain the nucleotide defining this allele. However, they produce wild-type signals that may compromise the accuracy of the assay by shifting the balance between wild-type and variant signals. We confirmed this experimentally by showing that a 5′ exonuclease-based procedure for genotyping of CES1 p.Gly143Glu was not able to distinguish between samples heterozygous and homozygous for the variant allele. Similarly, the primers that coamplified a fragment of CES1 in the 5′ exonuclease-based assay designed by Geshi et al. [28] to identify the CES1A2 C allele of −816 A>C, may give rise to an increased variant signal with a risk of misinterpretation of the genotyping results [28] .
The lack of ability to distinguish CES1P1 from CES1A2 is also a limitation to the allele-specific PCR developed by Ding et al. to genotype CES1A2/CES1P1 −816 A>C [25] .
Additionally, the PCR-RFLP reported by Nemoda et al. [40] for genotyping p.Gly143Glu in CES1, which was based on the treatment of amplicons with AluI, has limitations. One such limitation is that CES1A2 and CES1P1 fragments, which are non-polymorphic and without the AluI restriction site, are coamplified. This may affect the ability to distinguish CES1 143Glu homozygotes from individuals heterozygous for this allele. Taken together, the increased sample throughput has its costs since the amplification of undesired products may decrease sensitivity, thus potentially leading to false-negative findings.
Our interpretation of the in silico-based prediction of the amplification product outcomes was conservative since we assumed that only primers with complete match to a template was able to amplify, thus disregarding templates with incomplete primer matches. However, templates with an incomplete match to a primer are often able to support amplification depending upon a variety of factors including the type of DNA polymerase, annealing temperature, length of the annealing step and location of the mismatch in the primer [47, 48] . Accordingly, the number of undesired targets is not necessarily confined to those with a complete primer match, suggesting that the lack in specificity may be significantly more common than predicted by our assessment.
The complexity of the chromosomal region harboring CES1 and its pseudogenes raises concerns about the accuracy of their reference sequences and the assembly in the chromosomal region of the genomic build that harbors these sequences. Notably, it is possible there are other structural variants than CES1A2 in the region concerned. Since, the genotyping assays, which we assessed, relied on the reference sequences of CES1, CES1A2 and CES1P1, inaccuracies in these sequences may have major consequences to the design of assays for their genotyping. Such inaccuracies would also have affected our assessment of the assays in question. Since only a limited portion of the 5′ and 3′ flanking regions of the haplotype carrying CES1A2 has been sequenced, several studies designed primers for amplification of this hybrid based on CES1P1 sequence data under the assumption of sequence identity between these two in their 5′ and 3′ flanking regions. So far, it is uncertain whether sequence differences between CES1A2 and CES1P1 in their 5′ and 3′ flanks, including differences resulting from genetic variation in these sequences, have affected the specificity of the primers used for the amplification of these genes.
Whether a lack in the specificity of the procedures used for genotyping CES1, CES1A2 and CES1P1 in the studies under examination, which included population genetics and pharmacogenetics studies, has influenced their conclusions is not known. However, we believe that our study has unraveled the need for a reappraisal of the variation in CES1, CES1A2 and CES1P1 in different populations. It would also be important to know whether genotyping inaccuracies could have led to false positive associations or lack in the ability to detect true associations in the pharmacogenetic studies of these genes, thus potentially affecting the conclusions in the studies concerned. Clues to this may be obtained by comparison of findings done by studies using different genotyping procedures.
It is important to realize that experimental evaluation of the specificity of a large number of the primer pairs in the studies under examination may not be possible. In particular, this includes the primer pairs targeting the region from intron 6 and downstream in CES1 and CES1A2, for which long-range specific PCRs have not been developed.
We did not take SNPs and other types of short genetic variation in CES1, CES1A2, CES1P1 and CES1P2 into consideration in the assessment of primer specificity. A major reason for this was that the structural variation and the existence of two CES1-related pseudogenes appeared to be the major determinants of the lack of specificity of the primers in the procedures that we assessed. However, we cannot exclude that SNPs and other types of short genetic variation have also influenced primer specificity. This includes short variation in the CES1-related pseudogenes, which might affect the binding and product outcome of primers designed to amplify CES1, and vice versa.
Well-characterized reference samples of DNA that can be shared and used in the development, validation and quality control of genotyping assays are available for several drug-metabolizing enzymes [49] . So far, there are no such reference samples for CES1 and CES1A2. Development of well-characterized reference samples for these genes will be necessary in the design of assays for their genotyping.
To conclude, a variety of PCR-based procedures have been used for CES1 and CES1A2 genotyping. We predicted the production of unintentional amplicons for an unexpectedly high number of these procedures with potential implications for assay specificity and robustness. Our study also suggests that it is pivotal to take the segmental duplications in the region harboring CES1 into account in the design of assays for the typing of this gene and its hybrid CES1A2.
